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Synthesis of novel boronic acid-decorated
poly(2-oxazoline)s showing triple-stimuli
responsive behavior
Gertjan Vancoillie,a,b William L. A. Brooks,b Maarten A. Mees,a Brent S. Sumerlinb and
Richard Hoogenboom*a
Boronic acid-functionalized (co)polymers have gained increasing attention in the ﬁeld of responsive poly-
mers and polymeric materials due to their unique characteristics and responsiveness towards both
changes in pH and sugar concentrations. This makes these (co)polymers excellently suited for various
applications including responsive membranes, drug delivery applications and sensor materials.
Unfortunately, boronic acid-based polymer research is also notorious for its challenging monomer syn-
thesis and polymerization and its overall diﬃcult polymer puriﬁcation and manipulation. In light of this,
many research groups have focused their attention on the optimization of various polymerization tech-
niques in order to expand the ﬁeld of BA-research including previously unexplored monomers and
polymerization techniques. In this paper, a new post-polymerization modiﬁcation methodology was
developed allowing for the synthesis of novel boronic acid-decorated poly(2-alkyl-2-oxazoline) (PAOx)
copolymers, utilizing the recently published PAOx methyl ester reaction platform. The developed syn-
thetic pathway provides a straightforward method for the introduction of pH- and glucose-responsive-
ness, adding this to the already wide variety of possible responsive PAOx-based systems. The synthesized
BA-decorated PAOx are based on the thermoresponsive poly(2-n-propyl-2-oxazoline) (PnPropOx). This
introduces a pH and glucose dependence on both cloud and clearance point temperatures of the
copolymer in aqueous and pH-buﬀered conditions, yielding a triply-responsive (co)polymer that high-
lights the wide variety of obtainable properties using this pathway.
Introduction
For the last 20 years, the field of responsive polymers has
attracted a lot of attention. A responsive polymer can be
defined as a polymer that changes its properties in response to
a change in environmental conditions.1–3 Within this field,
boronic acid-containing copolymers have been used for
various applications based on their responsiveness towards
changes in pH and the concentration of 1,2- and 1,3-diols. The
interaction of the boronic acid functional groups with various
mono-, di- and polysaccharides causes a shift in the boronic
acid equilibrium to the charged anionic boronate esters. This
shift increases the amount of negatively charged side chains
and, therefore, the hydrophilicity of the entire (co)polymer.4–6
Depending on the architecture and structure of the copolymer
in solution, this interaction can lead to the swelling of cross-
linked materials, but also to complete dissolution of insoluble
polymers or polymer aggregates, using a so-called isothermal
LCST phase transition.7
Although some applications like aﬃnity chromatography8
or reactive surfaces9 focus on the specific interaction between
BA moieties and a chosen diol, most applications are directed
towards the use of the pH- and saccharide-dependent poly-
meric phase transition in e.g., responsive membranes, drug
delivery and sensor applications. The applicability of BA-con-
taining copolymers has recently been highlighted by Sumerlin
et al.10 and the diﬀerent applications have been the subject of
multiple reviews.11–13
The polymerization of unprotected boronic acid-containing
monomers is notoriously diﬃcult due to the low solubility of
the monomers, cross-linking through boronic anhydride for-
mation, interference of the BA moiety with the polymerization
kinetics and diﬃculties in characterization of the obtained
materials.14–17 The most popular strategy to overcome these
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drawbacks is to protect the boronic acid as an ester (often with
pinacol), albeit at the cost of introducing two additional steps
for protection of the monomer and deprotection of the result-
ing polymer.14,18–21
Another strategy to bypass the adverse eﬀects of the BA
moiety during polymerization and polymer characterization is
to introduce these moieties through post-polymerization modi-
fications on a precursor copolymer. This is most commonly
achieved through the coupling of a carboxylic acid-functiona-
lized copolymer and an amino-functionalized BA-containing
reagent like aminophenylboronic acid, activated by a carbo-
diimide like dicyclohexylcarbodiimide (DCC),8 1-ethyl-3-(3-di-
methylaminopropyl)carbodiimide (EDC) or N,N′-diisopropyl-
carbodiimide (DIC).22 This approach has been used to modify
polyacrylic acid-based polymer films,23 natural polysaccharides
like alginate24 and peptides including poly(aspartic acid).25
The inverse reaction is also perfectly possible for the
functionalization of amine-functionalized (co)polymers with
e.g., carboxyphenylboronic acid.22,26 Other post-polymerization
modification approaches that have been utilized to introduce
BA moieties include reductive amination,27,28 radical thiol–ene
coupling29 and the transformation of pendant trimethylsilane–
styrene moieties into various boronic acids and esters through
an exchange reaction with BBr3 and suitable alkoxide
derivatives.30–33
PAOx are an interesting class of biocompatible34,35 and
highly versatile polymers36,37 that allow for fine-tuning of
various properties, including phase transition tempera-
tures and functionalities through careful monomer design.
2-Oxazoline monomers are polymerized using cationic ring-
opening polymerization (CROP), in recent years most often
under microwave conditions.38 The chemical versatility
allows the synthesis of well-defined PAOx (co)polymers with a
large variety of side chains as well as both α- and ω-end-
groups through the choice of, respectively, initiator and ter-
minator.39 This polymerization method, however, requires
meticulous purification of all chemicals involved and
restricts the range of side-chain functionalities to non-
nucleophilic groups. The direct incorporation of alcohols,
amines or carboxylic acids is impossible through copolymeri-
zation of corresponding unprotected functionalized mono-
mers, as these functionalities will act as a terminator for the
CROP. These functional groups can however be incorporated
in the side chain of PAOx through various protection or post-
polymerization modification techniques.40–46 Recently, we
introduced a more general approach to introduce side chain
functional groups through direct amidation of a labile
methyl ester-side chain (co)polymer.47 Currently, there is no
scientific publication available that details a pathway for the
synthesis of BA-containing PAOx, nor for the synthesis of a
BA-containing 2-oxazoline monomer, either protected or
unprotected. The interference between the BA moiety and
the labile oxazoline species, but also the possible inter-
actions with the cationic oxazolinium species during
polymerization, most likely has discouraged most groups in
attempting the combination of these two chemistries. This
combination is however very promising as it allows the
introduction of pH and sugar responsive behavior in the bio-
compatible PAOx.
In this paper, we will use the previously mentioned methyl
ester PAOx platform to incorporate the incompatible BA moi-
eties and synthesize novel BA-decorated PAOx. To highlight the
large variety of possible polymeric properties, the introduced
pH- and glucose-responsive behavior will be combined with
temperature-responsive phase separation through the incor-
poration of BA-containing side chains in poly(2-n-propyl-2-
oxazoline) (PnPropOx), which exhibits LCST-like behavior
around 25 °C.48–51
Experimental
Chemicals
n-Propyloxazoline (nPropOx) was synthesized according to a lit-
erature procedure,52 purified and dried by fractional distilla-
tion over BaO. Methyl ester oxazoline was synthesized and pur-
ified according to a previously reported procedure.53 4-CPBA
(>97%) was purchased from Accela ChemBio Inc., HATU (99%)
from Iris Biotech, ethylenediamine (99%), D-(+)-glucose
(≥99.5%) and disopropylethylamine (DIPEA, 99.5%) from
Sigma-Aldrich and finally sodium hydroxide (extra pure, micro-
pearls) from Acros Organics. HPLC grade solvents diethyl ether
and DCM were obtained from Sigma Aldrich, dimethyl-
formamide (DMF, peptide synthesis grade) from Biosolve. TFA
(99%) was purchased from Alfa-Aeser. All deuterated solvents
were bought from Cambridge Isotope Laboratories. Dialysis
was performed with Spectrum Labs regenerated-cellulose
membranes with 3000 Da molecular weight cut-oﬀ. Molecular
sieves (4 Å) were bought from VWR and activated by heating at
160 °C for 24 h prior to use.
Instruments
SEC was performed on an Agilent 1260-series HPLC system
equipped with a 1260 online degasser, a 1260 ISO-pump, a
1260 automatic liquid sampler, a thermostatted column com-
partment containing two PLgel 5 μm Mixed-D columns in
series, a 1260 diode array detector (DAD) and a 1260 refractive
index detector (RID). N,N-Dimethylacetamide (DMAc) contain-
ing 50 mM of LiCl was used as eluent at a flow rate of
0.593 mL min−1. The spectra were analyzed using the Agilent
Chemstation software with GPC add-on. Molar mass and Đ
values were calculated against Varian PS or PMMA standards.
1H-NMR spectra were recorded on a Bruker Avance 300 MHz
or 500 MHz spectrometer at room temperature or an Inova
500 MHz spectrometer. The chemical shifts are given relative
to tetramethylsilane (TMS). Deionized water was prepared
with a resistivity less than 18.2 MΩ cm using an Arium 611
from Sartorius with the Sartopore 2 150 (0.45 + 0.2 µm pore
size) cartridge filter. pH-values were measured using a
Consort C561 equipped with a universal pH electrode with
build in temperature probe. Turbidimetry measurements were
performed using an Avantium Crystal16 parallel crystallizer.
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Synthesis of mono-boc protected ethylene diamine
31 mL of ethylene diamine (0.46 mol, 10.66 eq.) was mixed
with 200 mL of 1,4-dioxane and stirred vigorously. A mixture of
10 mL boc-anhydride (0.044 mol, 1 eq.) in 200 mL 1,4-dioxane
was added drop wise over several hours at rt. After 48 h the
mixture was decanted, filtered and evaporated to yield an oily
residue. This was added to 250 mL of deionized water to pre-
cipitate the double reacted symmetrical side product. After fil-
tration, the aqueous phase was saturated with NaCl (≈ 90 g)
and extracted with DCM (6 × 100 mL). The collected organic
phases were dried with anhydrous Na2SO4 and afterwards the
solvent was evaporated to yield a yellowish oil. Yield: 6.63 g
(95%). 1H-NMR (CDCl3, 500 MHz): δ (ppm) 3.12 (d, J = 5.5 Hz,
2H, –CO–NH–CH2–CH2–), 2.75 (t, J = 5.9 Hz, 2H, –CH2–CH2–
NH2), 1.40 (s, 9H, (CH3)3–C–O–CO–).
Synthesis of 4-carboxyphenylboronic acid pinacol ester
(4-CPBA-pin)
3.04 g of pinacol (25.7 mmol, 0.95 eq.) was dissolved in
100 mL of anhydrous DCM. To this mixture, 12 g of dried acti-
vated molecular sieves (4 Å) and 4.5 g of 4-CPBA (27.1 mmol,
1 eq.) were added. This mixture was stirred for 12 h at rt after
which the unreacted 4-CPBA and the molecular sieves were fil-
tered oﬀ. The resulting white solid, after evaporation to
dryness, was recrystallized from hot ethyl acetate to yield the
product as white, needle like crystals. Yield: 3.09 g (48.4%).
1H-NMR (CDCl3, 500 MHz) δ (ppm) 8.13 (d, J = 8.3 Hz, 2H,
HOOC–(CH)2–), 7.93 (d, J = 8.2 Hz, 2H, –(CH)2–B), 1.39 (s, 12H,
O–(C(CH3)2)2).
Copolymerization of n-PropOx and MestOx
The starting copolymers are synthesized via microwave-
assisted cationic ring opening polymerization, according to a
previously reported procedure.54 The monomers and the
initiator methyl tosylate (MeOTs) were dissolved in dry aceto-
nitrile ([M]tot = 3 M) with a monomer to initiator ratio of 100/1.
The polymerization mixture was heated to 140 °C for 20 min
using microwave irradiation after which the polymerization
was terminated at high conversions by the addition of piper-
idine. The copolymers were purified by double precipitation in
diethyl ether from DCM and dried in a vacuum oven after
which they were characterized using 1H-NMR spectroscopy and
SEC. Two diﬀerent copolymers were synthesized diﬀering in
the feed ratio between the comonomers, containing either 10
or 20 mol% of MestOx as confirmed using 1H-NMR
spectroscopy.
Direct amidation of P(nPropOx-co-MestOx)
A typical procedure for this reaction will be described for
P(nPropOx80-co-MestOx20). 0.5 g of P(nPropOx80-co-MestOx20)
(12.3 kDa, 0.813 mmol methyl esters, 1 eq.) was dissolved in
2 mL of mono-boc-protected ethylene diamine (12.2 mmol, 15
eq.) and a few drops of DCM to increase the solubility and
decrease the viscosity. This mixture was stirred for 3 days at rt
and monitored using 1H-NMR spectroscopy focusing on the
disappearance of the methyl ester peak (δ = 3.68 ppm). After
complete conversion, the polymer was precipitated in a ten-
fold excess volume of cold diethyl ether, decanted and dried.
Subsequently, the boc-group was removed by dissolving the
PAOx in 20 mL of 1/1 TFA/DCM at rt and stirred for 12 h. After
evaporation of the TFA/DCM, the polymer was redissolved in
deionized water and dialyzed against deionized water for three
days, changing the water twice a day. Freeze-drying of the puri-
fied polymer solution revealed a white fluﬀy material. Yield:
0.32 g (68.14%), SEC (DMAc + 50 mM LiCl, PMMA-std): Mn =
21 000 g mol−1, Đ = 1.08, 1H-NMR spectroscopy (500 MHz,
CDCl3): δ (ppm) 3.4 (broad, backbone), 2.3 (broad, N–CO–
CH2–), 1.55 (broad, CO–CH2–CH2–CH3), 0.85 (broad, CO–CH2–
CH2–CH3). Based on the similar chemical environment, the
CO–NH–CH2–CH2–NH2 most likely overlaps with the backbone
proton signal while the CO–NH–CH2–CH2–NH2 overlaps with
the peaks of the first CH2 group of the nPropOx side chains.
The amide proton (8.0 ppm) and amine protons (6.0 ppm) are
visible but very broad and irreproducible due to proton
exchange with residual water. A small signal of the methyl
group at the α-end (3.0 ppm) and the piperidine at the ω-end
(3.12 ppm) are noticeable although not accurately integratable.
Functionalization of P(nPropOx-co-AmOx) with boronic acid
moieties through HATU coupling
A typical procedure for this reaction will be described for
P(nPropOx80-co-AmOx20). 0.3 g of P(nPropOx80-co-MestOx20)
(12.9 kDa, 0.48 mmol amine, 1 eq.) was dissolved in 1.5 mL of
DMF. Separately, 0.124 g of 4-CPBA-pin (0.5 mmol, 1.1 eq.) and
0.25 g of HATU (0.66 mmol, 1.4 eq.) were dissolved in 1.5 mL
of DMF and 0.43 mL diisopropylethylamine (DIPEA,
2.47 mmol, 5.3 eq.). This was stirred for 30 min at rt until the
mixture turned dark yellow. The reaction mixture was added to
the polymer solution and stirred for another 24 h at rt. The
polymer was precipitated once in a ten-fold excess volume of
cold diethyl ether, decanted and dried. Subsequently, the
pinacol group was removed by dissolving the polymer in NaOH
aqueous solution (pH 10) and dialyzing against a basic
aqueous solution (NaOH, pH 10) for three days, changing the
water twice a day. The sample was then neutralized by dialysis
against deionized water for three days, changing the water
twice a day. Freeze-drying yielded a white, fluﬀy polymer.
Yield: 0.20 g (55%), SEC (DMAc + 50 mM LiCl, PMMA-std):
Mn = 29 000 g mol
−1, Đ = 1.13, 1H-NMR spectroscopy (500 MHz,
MeOD): δ (ppm) 7.65 (broad, aromatic), 3.4 (broad, backbone),
2.3 (broad, N–CO–CH2–), 1.5 (broad, CO–CH2–CH2–CH3) 0.75
(broad, CO–CH2–CH2–CH3). Based on the similar chemical
environment, the CO–NH–CH2–CH2–NH–CO most likely over-
laps with the backbone proton signal. Further elucidation of
the large, multimodal peak at 3.4 ppm is obscured due to
interference with MeOH (3.33 ppm) and residual 1,4-dioxane
(3.6 ppm).
Turbidimetry measurements – crystal 16
Cloud point measurements on the PAOx copolymers were per-
formed in 0.7 mL solutions containing 1 mg mL−1 of polymer
Polymer Chemistry Paper
This journal is © The Royal Society of Chemistry 2016 Polym. Chem., 2016, 7, 6725–6734 | 6727
in deionized water. Temperature ramps of 1 °C min−1 were
used to heat and cool between 5 and 95 °C while stirring at
700 RPM and flushing the measurement chamber with press-
urized air to reduce condensation on the cuvette at low temp-
eratures. Three heating and three cooling ramps were per-
formed alternately. The Tcp and Tcl were determined at 50%
transmission and averaged over the final two cycles.
Results & discussion
Synthesis of boronic acid-decorated poly(2-oxazoline)s through
post-polymerization modification
The cationic ring opening polymerization (CROP) of 2-oxazo-
lines to prepare PAOx does not allow the direct incorporation
of nucleophilic side chains such as alcohols, amines or car-
boxylic acids. These nucleophilic functionalities will act as a
terminator for the CROP resulting in loss of control over the
polymerization. Alternatively, these groups can be incorporated
through various protection or post-polymerization modifi-
cation techniques using, for example, a (co)polymer with labile
methyl ester-side chains.47 Based on this methyl ester PAOx
platform and its direct amidation, a novel pathway has been
developed to synthesize novel PAOx copolymers with BA moi-
eties in the side chain (Fig. 1).
The methyl ester copolymer is synthesized by CROP of 2-n-
propyl-2-oxazoline (nPropOx) and 2-methoxycarbonylethyl-2-
oxazoline (MestOx) in acetonitrile through microwave-assisted
polymerization initiated by methyltosylate (MeOTs) and
stopped after 12 min at 140 °C by the removal of heat and
addition of piperidine as terminator. The ratio of monomer to
initiator was kept at 100/1 while the content of MestOx in
the feed ratio was either 10 or 20%. The resulting statistical
copolymers were purified by two precipitations in cold
diethylether.53,54
The methyl ester side chain of the P(nPropOx-co-MestOx)
can easily be modified via a direct amidation reaction with
various primary amines.47 This one step procedure is most
eﬃcient with small, liquid amines in which the (co)polymer
can be dissolved. Under these conditions of high polymer con-
centration and large amine excess, the direct amidation can
quantitatively be performed at room temperature.47 To prevent
any polymer cross-linking during this step, mono-boc-pro-
tected ethylene diamine (boc-EDA) was used as direct amida-
tion reagent and synthesized by reacting boc-anhydride with
ethylenediamine. The formation of mono-boc-protected ethyl-
ene diamine was favored by working under dilute conditions
in DCM and by slowly adding the boc-anhydride solution to a
large excess of ethylene diamine while cooling. After evapor-
ation of the organic solvent, the mono-boc-protected ethylene
diamine was isolated by extraction with DCM from a NaCl
saturated aqueous solution. Any remaining, unreacted ethyl-
ene diamine remained water-soluble, while double boc-pro-
tected ethylene diamine precipitated in the aqueous solution
Fig. 1 Overall reaction scheme for the post-polymerization modiﬁcation of P(nPropOx-co-MestOx) to introduce BA moieties in the side chains.
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and was filtered oﬀ prior to NaCl addition. The salt decreased
the solubility of the desired boc-EDA compound by increasing
the ionic strength of the solvent. The direct amidation was
then performed by solubilizing P(nPropOx-co-MestOx) into the
viscous boc-EDA and stirring at rt for 3 days. The reaction was
easily followed by 1H-NMR spectroscopy (Fig. 2), focusing on
the disappearance of the methyl ester peak at 3.6 ppm
(CDCl3). After precipitation of the copolymer in cold diethyl
ether, the boc-groups of the side chains were removed in 1/1
TFA/DCM, after which any remaining ethylenediamine was
removed via dialysis against deionized water. The copolymer
was finally obtained by freeze-drying of the mixture to yield a
white, brittle material which was highly hygroscopic. Even
though the use of mono-boc-protected ethylenediamine com-
pletely prevents any cross-linking during the amidation reac-
tion, it has been reported that potential cross-linking becomes
a bigger issue for copolymers containing more than 20%
MestOx.55 This means that for the currently used starting
copolymers, the first side-chain modification step can also be
performed using a large excess of unprotected EDA. This
would not only remove the extra protection and deprotection
steps but also simplifies the copolymer work-up to evaporation
under high vacuum and freeze-drying.
The synthesized P(nPropOx-co-AmOx) provided a handle for
the boronic acid incorporation through amide coupling. For
this amide coupling, the use of HATU was preferred since it is
considered one of the more reactive coupling reagents. Prior to
reaction, 4-carboxyphenylboronic acid (4-CPBA) was protected
with pinacol in order to increase the solubility of the BA
moiety in organic solvents and simplify both the synthesis and
resulting polymer characterization by reducing the reactivity of
the BA moiety. The condensation reaction between pinacol
and a small excess of 4-CPBA is forced to completion by
working under anhydrous conditions and removing the
released water by addition of activated molecular sieves (4 Å,
pre-treated at 160 °C for 24 h). The purification of this com-
pound was facilitated by the very low solubility of 4-CPBA,
allowing filtration of the added excess after complete con-
sumption of the pinacol. If necessary, due to the presence of
minor impurities, the synthesized pinacol protected 4-carboxy-
phenylboronic acid (4-CPBA-pin) can be recrystallized from hot
EtOAc yielding white, needle like crystals. 4-CPBA-pin was acti-
vated by reacting with HATU in DMF with DIPEA through stir-
ring for 30 min at rt. The formation of the activated ester can
be visually monitored as it forms a light yellow color. This
mixture was then added to a solution of P(nPropOx-co-AmOx)
solubilized in DMF and stirred for another 24 h at room temp-
erature. Finally, the polymer was purified and deprotected via
dialysis against basic water and neutralized by dialysis against
deionized water. After freeze drying, the P(nPropOx-co-BAOx)
was collected as a hygroscopic, white fluﬀy material. Using
1H-NMR spectroscopy (Fig. 2), the ratio of the four phenyl
Fig. 2 1H-NMR spectra of the diﬀerent reaction steps including P(nPropOx-co-MestOx) (black), P(nPropOx-co-AmOx) (red) and P(nPropOx-co-
BAOx) (green). Left: 10% MestOx in feed. Right: 20% MestOx in feed.
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protons (7.6 ppm) to the methyl group of nPropOx (0.9 ppm)
was used to calculate the percentage of incorporated BA
groups to be 8.5 and 15% respectively. The diﬀerence between
the calculated feed of MestOx and the eventually incorporated
BAOx content is within the error margins for 1H-NMR spec-
troscopy but could also indicate an incomplete functionali-
zation, although both the direct amidation47 and HATU-
assisted amide coupling are known as near-quantitative
reactions.
The purified, deprotected copolymers were further charac-
terized using SEC to confirm that the modifications did not
influence the molar mass dispersity or cause cross-linking.
Fig. 3 shows the characteristic SEC traces for µW assisted
polymerization of 2-oxazolines with low molar mass dispersi-
ties (Đ < 1.1) and a double molecular weight shoulder caused
by transfer reactions during the polymerization.52,56 The reten-
tion of the polymer dispersity and modality in the SEC traces
after modification suggests that no intermolecular cross-
linking has taken place in the purified copolymer samples. An
interesting observation is the influence of the diﬀerent modifi-
cation steps on the hydrodynamic volume in DMAc (+50 mM
LiCl). The SEC traces for the 20% MestOx nicely shift to higher
molecular weight for each modification step, showing that
with each step the SEC solvent becomes a ‘better’ solvent for
the modified copolymer. This trend is probably a simplifica-
tion of the influences of the changing side groups, as the
traces of the 10% MestOx copolymers do not show this gradual
increase despite incontrovertible proof of modification sup-
plied by the 1H-NMR spectra (Fig. 2). This discrepancy
between the diﬀerent SEC trace overviews might also be
related to the presence of residual salts in the purified
P(nPropOx90-co-BAOx10).
pH-Dependent thermal phase transition
P(nPropOx) is known for its thermoresponsive properties
characterized by a sharp LCST transition around 25 °C without
any noticeable hysteresis between the heating and the cooling
curves.48,57 The incorporation of BA moieties through post-
polymerization modification allows for the introduction of an
additional level of control on the thermoresponsive properties
through the pH- and glucose-dependent equilibrium between
neutral boronic acid and charged boronate acid/ester. The
influence of pH on the thermoresponsive properties is deter-
mined by performing turbidimetry measurements of a
P(nPropOx-co-BAOx) aqueous solution at diﬀerent pH. The
polymer phase transition is characterized by a cloud point
temperature (Tcp) and clearance point temperature (Tcl), which
are defined as the temperature at 50% transmittance for the
heating and the cooling curves, respectively. In general, three
heating and cooling cycles were performed on a single sample
with a temperature ramp of 1 °C min−1 with the first cycle
designed to remove any memory eﬀects of the material while
the other two cycles are used to calculate the average Tcp and
Tcl. The various samples at diﬀerent pH values were obtained
starting from a completely solubilized polymer under basic
conditions (1 mg mL−1, 0.01 M NaOH aq.) and subsequent
addition of various concentrations of HCl to minimize the
added volume, limiting the eﬀect of dilution on the Tcp and
Tcl. Titrating a highly basic solution (pH ≈ 13) using acids pro-
vides a consistent starting point for the titration experiments
while ensuring the full solubilization of the modified copoly-
mers as the BA moieties are now completely charged, giving
the copolymer its maximum hydrophilicity. It is important to
note that for all the aqueous solutions, MilliQ water was used
Fig. 3 SEC traces of the diﬀerent reaction steps including P(nPropOx-co-MestOx) (black), P(nPropOx-co-AmOx) (red) and P(nPropOx-co-BAOx)
(green). Left: 10% MestOx in feed. Right: 20% MestOx in feed.
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to remove any salting-in or salting-out eﬀects and allow for
evaluation of the pH-eﬀect independently.
The results shown in Fig. 4 show a very broad range of
about 45 K of obtainable transition temperatures for the
polymer with 15% BA content and about 20 K for the
polymer with 8.5% BA content when pH is varied from 8.5 to
10.5, during which the BA moieties transform from comple-
tely neutral to completely anionically charged species. At high
pH (>10) the boronic acid moieties are mostly negatively
charged, increasing the hydrophilicity of the copolymer and
thereby increasing both Tcp and Tcl. It appears that the tran-
sition temperatures gradually decrease with decreasing pH
from about pH of 10 corresponding to the pH-induced shift
in the boronic acid equilibrium to the neutral side, decreas-
ing the hydrophilicity of the copolymer. Beyond the S-shaped
curve obtained in the pH range of 8.5 to 10.5, the eﬀect on
the transition temperatures can no longer be attributed to a
change in charge density on the polymer chain as it is con-
sidered to be fully neutral or fully charged respectively. Any
further change in transition temperature is therefore most
likely a direct result of the changing aqueous environment.
This means that in the more basic range (>10.5) the increased
ionic strength of the aqueous solution most likely causes a
salting-in eﬀect resulting in the full solubilization (Tcp >
95 °C) of the 15% BA copolymer while the 8.5% BA co-
polymer shows a rapid increase in Tcp to 70 °C and also full
solubilization at even higher pH values. In the acidic pH
range (<7) no Tcp of Tcl could be observed as the polymer was
insoluble.
Glucose-dependent thermal phase transition
Due to the strong resemblance between the BA moieties incor-
porated into the PAOx and the previously reported DDOPBA
structure, the first attempts at investigating glucose responsiv-
ity were performed in a PBS buﬀer at pH of 7.4.21 Unfortunately,
due to the strong salting-out eﬀect caused by the phosphate
and NaCl salts58 but also possible complexation interactions
between the phosphates and the BA moieties, P(nPropOx-co-
BAOx) is insoluble under these conditions regardless of
temperature or glucose concentration. To bypass this problem
and provide a proof of concept for glucose responsiveness,
a polymer solution was buﬀered at the beginning of the pH
induced temperature ramp (Fig. 4), or more specifically at a
pH of 8.6, using a 0.1 M HEPES solution to allow maximum
sensitivity towards D-glucose. The screening of the glucose-
dependent thermal phase transition was then performed by
titrating small quantities of a highly concentrated D-glucose
solution made with the same 0.1 M HEPES buﬀer solution to
not dilute the polymer solution and keep the pH constant.
The results in Fig. 5 show the expected increase in tran-
sition temperatures with increasing concentration of D-Glu
caused by the formation of charged boronate esters. Although
the temperature window is slightly smaller compared to the
one observed during pH titration in both cases, the 35 K diﬀer-
ence in the case of P(nPropOx85-co-BAOx15) is enough the raise
the Tcp above body temperature upon addition of about 5 mM
of D-Glu, opening up the possibility of using this system for
in vivo drug delivery applications. Similar to the pH titration, the
Fig. 4 Left: Tcp (red) and Tcl (blue) in function of pH for a 1 mg mL
−1 aqueous solution of P(nPropOx85-co-BAOx15) (squares) and P(nPropOx91.5-co-
BAOx8.5) (circles). Right: Structure of the investigated P(nPropOx-co-BAOx).
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eﬀect of the added D-Glu is less for P(nPropOx91.5-co-BAOx8.5),
with a maximum Tcp of around 35 °C as a result of the lower
amount of BA in the copolymers although it seems to reach
this plateau value at the same D-Glu concentration as the
P(nPropOx85-co-BAOx15) namely around 75 mM. Limited
sample availability precluded measurement of the transition
temperatures of the P(nPropOx85-co-BAOx15) at the high
glucose concentrations.
The apparent increase in hysteresis in both cases as a result
of the D-glucose concentration is unexpected and might be
related to the identity of the BA moieties in the precipitated
polymer. It is assumed that upon precipitation of the BA-
polymer under these conditions, the glucose is not included
within the formed polymer globule. The large hysteresis sup-
ports this idea as the exclusion of the glucose from the
polymer globule would decrease the hydrophilicity and there-
fore both the Tcp and Tcl. The gradual rehydration upon
cooling results in a D-Glu concentration-dependent hysteresis
as the more hydrated the polymer globule becomes, the more
open the structure and the easier D-Glu can penetrate and
bind. This observation may be controlled by careful polymer
design, allowing a less dense structure upon precipitation by
incorporating a fraction of a hydrophilic monomer like EtOx.
The hysteresis, however, can also be used to the advantage of a
possible in vivo insulin delivery system. If the current poly-
meric setup would be employed as a responsive semi-per-
meable gel of an insulin delivery device, for example, around
body temperature (≈ 37 °C), a D-Glu concentration of 30 mM
would cause the gel to swell and release trapped insulin. Due
to the large hysteresis however, the membrane will not close
until the D-Glu concentration is below roughly 2 mM ensuring
the adequate uptake of glucose by the cells while preventing
hypoglycemia. Alternatively, using a thermoresponsive BA-con-
taining (co)polymer gel without hysteresis would keep the
glucose level constant around a certain value. An added
benefit to the large hysteresis and the steep increase of the Tcp
with D-Glu concentration is that the lower limit at which the
polymeric gel would shrink and close is relatively stable and
independent from the environmental temperature. Another
potential of these polymer-glucose systems with large hyster-
esis could be their use as visual read-out (clear or opaque
solution) temperature sensors with thermal memory function,
as was recently demonstrated for supramolecular thermo-
responsive polymer systems with large hysteresis.59,60
Conclusions and outlook
The field of boronic-acid decorated copolymers was expanded
with novel poly(2-alkyl-2-oxazolines), which were modified
through the post-polymerization modification of a copolymer
of n-propyl-2-oxazoline (nPropOx) and a methyl ester oxazoline
(MestOx). This biocompatible LCST copolymer can be modi-
fied with a variety of primary amines through direct amidation
of the labile methyl ester. The use of ethylene diamine allowed
the decoration of the PAOx copolymer with amines, which
were subsequently modified with 4-carboxyphenylboronic acid
using HATU-assisted amide formation. The addition of BA
moieties alongside the PnPropOx introduces a pH and glucose
dependency on the thermal transition characteristics, allowing
control of the cloud and clearance point temperatures between
20 and 65 °C. These novel triple-responsive materials are the
first example of BA-functionalized PAOx copolymers and high-
light the potential of these materials in the fields of drug deliv-
ery, glucose-dependent permeable membranes or temperature
sensors with thermal history.
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